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Evaluating the liquefaction and reliquefaction behavior
of a carbonate sand
Keyvan Mirbaha and Abouzar Sadrekarimi
Department of Civil & Environmental Engineering – Western University, London, ON, Canada

Abstract Despite extensive amount of research on liquefaction analysis of sands, reliquefaction behavior and cyclic
liquefaction resistance of cohesionless soils under a repeated cyclic load have not received the same amount of
consideration. This is important as most soil deposits in high seismic areas have been subjected to repeated number of
earthquakes. This paper presents series of laboratory cyclic simple shear tests on specimens of a local carbonate sand
from London, Ontario. Sand specimens are reconstituted at relative densities of 25%, 45%, and 65% and subjected to
effective vertical stresses of 50, 100, 200, 400, and 600 kPa. Reconstituted samples are subjected to two consecutive cyclic
loads and sand behavior and liquefaction resistance are examined and compared following both cyclic loads. Reliquefaction
is simulated by unloading the specimens after the first cyclic load and re-consolidating the specimen under the same initial
vertical stress. A similar cyclic load is then re-applied on the sand specimen. The results show a moderate increase in
relative density after re-consolidation, which is greater for loose sand specimens. However, a complicated change in cyclic
liquefaction resistance is observed for loose and dense specimens which also varies with stress level. Despite the larger
increase in relative density, the loose specimens exhibit a dramatic decrease in cyclic resistance following the first cyclic
load. The reduction in cyclic resistance increases with decreasing effective stress (from 600 to 50 kPa). On the other hand,
dense samples experience an increase in cyclic resistance, particularly at lower stress levels.

Résumé En dépit d'une vaste quantité de recherche sur l'analyse de liquéfaction, reliquéfaction comportement et la
résistance cyclique des sols sans-cohésion sous une charge cyclique répétée n'ont pas reçu le même montant de la
contrepartie. C'est important comme la plupart, des dépôts de sol dans des zones sismiques ont été soumis à nombre de
tremblements de terre répétitif. Cet article présente série de laboratoire cyclique essai de cisaillement simple sur des
spécimens d'un sable de carbonate locale de London, Ontario. Les résultats montrent une légère augmentation de la
densité relative après re-consolidation ce qui est plus important pour des échantillons de sable lâche. En dépit de
l'augmentation plus importante de densité relative, les spécimens lâche la pièce une baisse spectaculaire en résistance
cyclique suivant la première charge cyclique. La réduction de résistance cyclique augmente avec la diminution du stress
efficace (depuis 600 à 50 kPa). Par contre, les échantillons denses sentir une augmentation de résistance cyclique en
particulier à moins de stress.
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INTRODUCTION

Evaluating and predicting sandy soils behavior in cyclic
liquefaction, plays a key role in engineering design
practice. In current Canadian foundation design manual
and the Canadian highway bridge design code, a special
care is given to characterize potential for liquefaction
triggering of cohesionless soils. Several investigations
have been performed on cyclic liquefaction assessment of
cohesionless soils and their correlations with soil
characteristics such as relative density and confining
pressure (I.M. Idriss, R.W. Boulanger, 2008). These
studies have been mostly carried out on sands mainly
composed of silica and quartz particles. For example,
Boulanger
(2003)
studied
dynamic
liquefaction
characteristics of Fraser Delta sand while Sadrekarimi
(2013) characterized sands behavior in liquefaction with
respect to critical state approach or Montgomery, Harder
and Boulanger performed numerous tests to examine the
overburden correction factor on liquefaction resistance of
soils. Although several researches have been developed
on liquefaction behavior of sands, a few of them have
taken repeating liquefaction analysis, into consideration.

The importance of soil behavior assessment in repeating
cyclic liquefaction is due to a variety of geotechnical design
cases which involve with repeated dynamic loading
condition specifically in seismic zones. This paper studies
cyclic liquefaction behavior of a carbonate sand under
plane-strain boundary condition and simple shearing
mode. The dynamic shear load is applied in a DSS
machine to provide a closer representation of in-situ
conditions. Liquefaction criteria of shear strain progress to
3.75% that corresponded to reaching a double-amplitude
cyclic shear strain of 7.5% in DSS tests, is followed in this
study. This is essentially equivalent to the liquefaction
definition (Vaid and Sivathayalan, 1996) of 5% doubleamplitude axial strain in a triaxial test. When the samples
liquefy following with above criteria, cyclic loading is
stopped immediately, samples are unloaded, they are
reconsolidated to their axial stress prior to cyclic load
application and finally similar cyclic shear loads as first
stage are applied. This would simulate a second
liquefaction of specimens under identical boundary
conditions. Soil state changes and cyclic resistance before
and after two repetitive liquefaction occurrence are
identified and analyzed for each specimen.
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EXPERIMENTAL PLAN

2.1

Tested Material

A local carbonate-silica sand is tested in the experiments
of this study. This sand was collected from Boler Mountain
in London, Ontario (called “Boler sand” hereafter). The
natural Boler sand contains about 11% fine particles.
However, for the experiments of this study the fines were
removed in order to focus on the behavior of a clean sand
and compare its dynamic behavior with those of other
clean sands. A specific gravity (GS) of 2.67, and maximum
(emax) and minimum (emin) void ratios of respectively 0.845
and 0.525 were determined following ASTM standard
procedures. Particle size distribution of Boler sand is
presented in Figure 1 with D50 = 0.25 mm. Accordingly,
Boler sand is classified as a poorly-graded (SP) sand
according to the Unified Soil Classification System
(USCS). Scanning electron microscopic images and XRay diffraction analysis were carried out to determine
particle shape and mineralogy. It was found that the Boler
sand is mainly composed of carbonate (CaCO3), dolomite
(MgCa(CO3)2), and quartz (SiO2) minerals with subangular to angular particle shapes.
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Figure 1. Average grain size distribution of Boler sand

2.2

In regular moist-tamping, the density of the lower
sublayers is increased by compacting the overlying layers.
This would produce a non-uniform specimen. In order to
improve specimen uniformity, the under-compaction
(Ladd, 1978) method was used in this study. In this
method, over-dried sand was thoroughly mixed with 5%
moisture. The specimen was then prepared by compacting
moist sand in three sublayers. The dry density was
adjusted by changing the mass of soil placed in each
sublayer, while all sublayers were compacted to equal
heights. The top cap of the DSS apparatus was
subsequently lowered on the sand surface, the membrane
was folded back on the top cap and then secured with an
O-ring. The retainer plates were also removed.
The small amount of moisture content (5%) imparts a small
amount of matric suction to a moist-tamped specimen and
helps to stabilize the specimen during preparation.
However, since this matric suction was not measured here,
it was removed by saturating the specimens after
specimen preparation. A small seating vertical stress of 5
kPa was first applied to stabilize the specimen and prevent
piping. Saturation was then carried out by flushing the
specimens with CO2 gas, followed by de-aired water
through drainage ports on the specimen endcaps.
Carbone dioxide (CO2) was used to enhance specimen
saturation. Specimen height was carefully recorded during
this process in order to determine the precise initial void
ratio of the specimen.

Specimen Preparation

Simple shear tests were carried out using an advanced
computer-controlled cyclic simple shear apparatus (Model
VDDCSS) manufactured by GDS Instruments (UK). For
specimen preparation, a latex membrane was first placed
around the bottom cap of the DSS apparatus and secured
with an O-ring. Series of 1 mm-thick Teflon-coated
stainless steel rings were then stacked around the
membrane. Two supporting retainers were used to hold
the stacked rings in place during sample preparation and
the membrane was then folded over the stacked steel
rings. Specimens were prepared at loose (Drc = 25%),
medium dense (Drc = 45%), and dense (Drc = 65%) relative
densities using the moist tamping method. The height and
diameter of the specimens were respectively 20 mm and
70.7 mm in cyclic DSS tests. This corresponds to an
aspect ratio of 0.28, which less than (0.4) that is
recommended by the ASTM D6528 standard method for
simple shear testing.

Following saturation, the specimens were consolidated to
effective vertical stresses ('Z) of 50, 100, 200, 400, or 600
kPa. The top drainage port was open during consolidation
in order to allow excess pore pressure dissipation.
Specimens' void ratio after consolidation (e c) was
subsequently calculated from changes in specimen height.
2.4 Monotonic DSS tests
Monotonic simple shear tests were carried out in order to
determine liquefaction susceptibility and the critical state
line of Boler sand. In drained shear tests, a constant
effective vertical stress (= 'z) was maintained while
changes in specimen height were carefully recorded to
determine void ratio changes. Undrained shear was
replicated by maintaining a constant specimen volume.
This was performed using the electronic feedback and
control system of the DSS apparatus by precisely adjusting
the vertical stress in order to prevent any volume change
during shearing.
Volume change resulted from changes in specimen height
as the area of the specimen was kept constant by the
stainless steel rings. Since pore water pressure was not
measured in the DSS apparatus, the top drainage port was
left open during shearing. Changes in total vertical stress
during constant-volume shear were considered as an
equivalent excess pore water pressure which would have
developed in an undrained shear test (Dyvik, et al., 1987).
Monotonic shearing was carried out at a shear strain rate
of 3%/hour up to a shear strain of 30%.

Cyclic DSS tests
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Constant-volume cyclic shear tests were carried out to
determine the cyclic liquefaction behavior of Boler sand.
Stress-controlled two directional shearing load was applied
within a certain range of stresses at a frequency of 0.1 Hz.
Similar to monotonic tests, specimens were consolidated
to stress levels of 'z = 50, 100, 200, 400 and 600 kPa.
For cyclic two directional loading, circular pattern was
considered which depicts equal shear loads in both
horizontal directions perpendicular to each other. To
produce circular pattern, one components of shear load
was programmed to start a quarter of a cycle later than the
other (90 degrees out of phase). Cyclic stress ratio (CSR)
is determined as the ratio of the peak shear stress (max) to
vertical stress 'z value. Tables 1 and 2 summarize the
characteristics of the monotonic and cyclic simple shear
tests of this study. In table 2, average void ratio (relative
density) of the specimens at the time of applying shear
loads (after consolidation) are shown. Three increments of
average 25, 45 and 65 percent at each consolidation
stress level were examined under various CSR values.

Table 1. Summary of monotonic DSS tests
'Z
(kPa)
100
100
200
300
300
400
800
1000
1200
50
80
100
400

ec
0.762
0.802
0.809
0.778
0.763
0.750
0.728
0.706
0.697
0.812
0.770
0.753
0.699

Drc
(%)
26
13
11
21
26
30
37
43
46
10
23
29
46

ecs
0.762
0.802
0.809
0.778
0.763
0.750
0.728
0.706
0.697
0.782
0.758
0.753
0.697

'Z,cs
(kPa)
40.8
11.3
19.6
41.5
71.8
86.6
187
346
421
50
80
100
400

Drainage

3.1

Monotonic Shearing Behavior

As shown in Table 1, monotonic shear tests were carried
out at wide ranges of consolidation relative density (D rc)
and consolidation stresses ('Z). Figure 2 shows effective
stress paths for some of the constant-volume monotonic
DSS tests. All tests display a significant strain-softening
and static liquefaction behavior. A large reduction in 'Z is
equivalent to shear-induced pore pressure generation in
an undrained condition. Critical state is taken at the
minimum shear stress reached after failure, although some
tests displayed “phase transformation” (Ishihara, 1993) to
a strain-hardening (or dilative) behavior after an extended
range of constant volume, shear and effective vertical
stresses. An overall frictional angle of 'cs = 30o is
determined at the critical state from both constant-volume
and drained tests.
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Figure 2. Stress paths for some of the constant-volume
monotonic DSS tests
Drained

Table 2. Summary of Bi-Directional Cyclic DSS tests
e0-

Drc-

σ'Z

CSR

Average

Average

kPa

=cyc-X,Y / σ'Z
0.05-0.06-0.07
0.05-0.07-0.08
0.07-0.08-0.09
0.08-0.09-0.10
0.08-0.09-0.10
0.05-0.06-0.075
0.065-0.075-0.085
0.08-0.09-0.10
0.1-0.11-0.12
0.09-0.11-0.12
0.055-0.065-0.08
0.065-0.08-0.095
0.08-0.095-0.11
0.08-0.11-0.12
0.11-0.13-0.15

0.765
0.760
0.760
0.763
0.768
0.702
0.705
0.702
0.705
0.698
0.635
0.638
0.637
0.640
0.638

25.0
26.6
26.7
25.6
24.3
44.6
43.9
44.6
43.6
46.0
65.6
64.6
64.9
64.0
64.6

50
100
200
400
600
50
100
200
400
600
50
100
200
400
600

RESULTS

Shear stress,  (kPa)

2.5

%

Been and Jefferies (1985) introduced the state parameter
() to describe the shearing behavior of a soil based on
the combination of void ratio, effective stress and their
relation to the critical state void ratio at same effective
stress. Table 1 shows void ratio (ecs) and effective vertical
stress ('Zcs) at the critical state from both drained and
constant-volume shear tests. These data are plotted in
Figure 3 to establish the CSL for Boler sand as below:

e = 0.888 - 0.071 Log (σ'vc)

[1]

This equation suggests a critical void ratio of 0.888 at an
effective stress of 'vc = 1 kPa and a critical state line slope
of 0.071. The results shown in figure 3 are based on
assumption of a horizontal stress ratio of Ko = 0.5 for
converting isotropic effective confining stress (in triaxial
tests) to 'Z.

1

Monterey #0 sand

Void ratio, e

0.9

Hokksund sand
0.8

Boler sand:
e = 0.888 - 0.071Log('v)
0.7

Constant-volume tests

Drained tests
0.6
1

10

100

1000

Effective vertical stress, 'v (kPa)

Figure 3. Critical state lines of Boler (from this study),
Hokksund (Castro, 1969), and Monterey #0 (Jefferies and
Been, 2006) sands

3.2

Cyclic Load at First Stage (Liquefaction)

Cyclic simple shear tests were carried out to determine the
cyclic liquefaction behavior of Boler sand. The shear load
was applied in both horizontal directions and perpendicular
to each other (introduced as X and Y) with a phase offset
of 90 degrees which corresponds to a quarter of cycle
delay in Y direction, relative to X direction. Figure 4 shows
typical results of a cyclic DSS tests in this study. In the test
specimen with results shown in figure 4, cyclic shear load
with frequency of 0.1 Hz and amplitude of 7 kPa was
applied under consolidation stress of 100 kPa (CSR=0.07).
The specimen of example, liquefies after 9 cycles of
loading when reaches 3.75% shear strain at both
directions. According to this figure, liquefaction is triggered
when excess pore pressure ratio (ru) exceeds 85%.
3.3

Cyclic Load at Second Stage (Reliquefaction)

For purpose of investigating the behavior of samples in
excessive liquefaction occurrence, the liquefied soil
specimens of previous stage, were exposed to a second
liquefaction triggering. To simulate a second stage of
liquefaction, cyclic shear loading at first stage, were
stopped after reaching 3.75% shear strain in at least one
of the X or Y directions. Later, the shear loads in both
directions were reduced to zero and then similar
consolidation axial stress to first stage of the test were
applied on samples. This procedure caused the soil
samples to densify relative to prior stage at the same
boundary condition which will be discussed later. Finally,
similar cyclic loads as the first stage were applied to the
samples. Reaching the shear strain of 3.75% from the
beginning of the test, is considered as occurrence of a
second liquefaction (reliquefaction). Figure 5 shows the
result of a reliquefaction occurrence for the sample in
previous example (figure 4). This time, the specimen of
example, liquefies after 3 cycles of loading when reaches
3.75% shear strain at both directions, although it is denser
than past stage.

Figure 4. Cyclic DSS test results on a Boler sand
specimen at Drc = 25%, σ'Z = 100 kPa and CSR=0.07
(First cycle of cyclic loading or liquefaction)

3.4

Comparing the results

In figures 4 and 5, liquefaction and reliquefaction triggering
results for a sample test were represented from different
aspects. In addition to changing number of resisting cycles
which is shown in figures, void ratio (relative density)
changes after first liquefaction stage was the most
important variation in sample properties. Based on the
results, liquefaction in first stage and re-consolidation of
samples prior to second stage of cyclic loading, causes
their densification and thus, reliquefied specimens are
initially denser than liquefied samples. The increasing
density is almost equal for samples at the same initial
relative density, but looser samples densify the most and
denser ones tend to densify the least.
The changes (decreasing) in void ratios for several tests at
different initial densities and consolidation stresses
(previously defined as state parameters) are demonstrated
in diagram of figure 6. This diagram indicates that, the void
ratio changes (reduction) gets larger when sand sample
has an initial larger state parameter. This corresponds to
additional densification for looser samples and smaller
densification for denser samples at equal consolidation
stresses. Average increase in relative densities of 19%,
15% and 7% for specimens with initial relative densities of
25%, 45% and 65% were observed. The variation of both
parameters could be defined with a mathematical function.

Figure 6. Void ratio (state parameter) variation based on
initial state parameter for samples subjected to repeating
liquefaction occurrence

Figure 5. Cyclic DSS test results on a Boler sand
specimen at Drc = 25%, σ'Z = 100 kPa and CSR=0.07
(Second cycle of cyclic loading or reliquefaction)

Although all specimens get denser in transition from
liquefaction to reliquefaction, their resistance to a second
shaking is not similar. The number of resisting cycles to
reliquefy varies relative to first time liquefaction for same
sample and boundary conditions. Five consolidation stress
increments of 50, 100, 200, 400 and 600 kPa were
examined for each of loose (Drc = 25%), medium dense
(Drc = 45%) and dense (Drc = 65%) samples. For instance,
figure 7 summarizes resisting cyclic number variation for
liquefaction and reliquefaction occurrence of dense
samples (Drc = 65%) of this study under different cyclic

stress ratios (CSR). The variation of cycle numbers and
CSR values are plotted by curves separating five different
consolidation stress increments. Increasing in resisting
cycle numbers at a certain CSR (shear load) is observed
when consolidation stress on samples rises from 50 kPa
to 600 kPa for both stages of liquefaction. Exponential
mathematical correlations, fit the best for this variations.

Figure 8. Reliquefaction to liquefaction resisting cycle
number ratio in correlation with state parameter changes

In addition to resisting cycle numbers, cyclic resistance
ratio (CRR) has always been noticed as a valuable means
of comparison for cyclic behavior assessment of soil
samples especially in liquefaction analysis. The cyclic
stress ratio (=cyc/'vc) required for liquefaction occurrence
in a specified number of loading cycles is called “Cyclic
Resistance Ratio (CRR)”. Figure 7 shows the number of
cycles to triggering liquefaction (NC) at different CSR for
specimens consolidated to different stresses. For an
earthquake magnitude of 7.5, CRR is defined as the CSR
to cause liquefaction in 15 uniform cycles of shear stress
(Seed and Idriss, 1971). For any given sand, state
parameter and sample preparation procedure, the
liquefaction cycle numbers could be correlated with
normalized CSR values (by CRR15) shown in figure 9 (M.
Jefferies and K. Been, 2016). As shown in figure 9, the
normalized results of both liquefied and reliquefied Boler
sand samples are in complete agreement with previous
cyclic liquefaction results for various sands such as
Toyoura, Monterey, Sacramento, Ottawa sands etc.

Figure 7. Comparison of liquefaction and reliquefaction at
different cyclic stress ratio and consolidation stresses for
Boler sand specimens at Drc = 65%
For better understanding the specimen’s response to a
second liquefaction, the ratio of resisting cycle numbers at
reliquefaction to number of cycles at liquefaction for same
samples were correlated to changing state parameters
(resulted from a repeating liquefaction) and plotted as
shown in figure 8. In this diagram, the results from loose,
medium dense and dense samples were mixed. The plot
of figure 8 shows that, the number of cycles for occurrence
of two consecutive liquefactions, drops dramatically when
samples experience larger changes in their state
parameters (loose samples) whereas number of cycles are
increasing when the state parameter changes getting too
small (dense samples) in two consecutive liquefaction
occurrence. Exponential trend of changes is a good fit for
correlating them.

Figure 9. Correlation between liquefaction cycle numbers
with normalized CSR by CRR15 values for various sand
samples and Boler sand (Filled triangles for liquefied
samples and void triangles for reliquefied samples)

Variation of CRR values for samples under different
consolidation stresses based on their initial state
parameters (in beginning of each liquefaction stage) is
shown in diagram of figure 10. Results show that for both
liquefaction and reliquefaction, CRR values increase from
looser samples to denser ones at each stress level. At the
same time, it is observed that looser samples experience
larger changes in state parameters in repeating
liquefactions. For a better comparison of CRR variation,
the ratio of CRR values in second liquefaction to first
liquefaction for each of the loose to dense samples are
plotted individually in figure 11.

Figure 10. Cyclic resistance ratio values for average
results of loose to dense samples

Based on the observed results in figure 11, loose and
dense samples do not respond similarly to applied
consolidation stresses. Loose and medium dense samples
experience reduction of resistance from first time
liquefaction to a second with more severe reduction in
loose samples (smaller ratios). Unlike the loose samples,
dense samples tend to have a similar resistance and in
some cases the reliquefied samples show higher
resistance than the same samples in liquefaction. Also, in
smaller state parameters which indicates lower stress
levels, loose and medium dense samples tend to lose their
resistance (decreasing trend) but the dense samples
demonstrate a completely different pattern. Unlike the
looser samples, dense samples gain more resistance
(increasing trend) when they are subjected to lower stress
levels in a double liquefaction.
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CONCLUSIONS

This paper presented the monotonic and cyclic behavior of
a carbonate sand (“Boler sand”) from London Ontario. The
critical state line of Boler sand, determined from the
monotonic shear tests, was found to be similar to those of
some other clean sands. State parameters () of the
specimens were subsequently calculated using the critical
state line and initial states of the specimens. The
liquefaction response of specimens were investigated in
two successive stages.

Figure 11. Cyclic resistance ratio values for averaged
results of loose to dense samples

The number of cycles to fulfill a liquefaction criteria of
3.75% cyclic shear strain and samples densification rates
due to liquefaction were measured. It was found that
specimens get denser when they are exposed to a cyclic
liquefaction and then consolidated to the same stress
before liquefying. They densify in a range between 7% for
a dense sample (initial 65% relative density) to 19% for a
loose specimen (initial 25% relative density). The
distribution of variation in state parameters were
investigated for a wide range of samples with different
relative densities and under various consolidation
stresses.

The liquefaction and reliquefaction results of Boler sand
were examined and compared to past experiments. Both
liquefaction and reliquefaction response of samples are in
good agreement with previous cyclic liquefaction analysis
on various sands, comparing their normalized cyclic
strength ratio (CSR) by their resistance in certain number
of cylces (N =15) which was defined as cyclic resistance
ratio (CRR15).
The resistance of the samples were evaluated in repeating
liquefaction occurrence by two parameters. First,
comparing their changing number of resisting cycles in two
stages and second, their cyclic resistance ratio (CRR)
variation. Based on the analysis, although looser
specimens densify the most, their resistance to
liquefaction drops more severe than denser samples which
experience less density (void ratio) changes. Densest
samples, almost show identical and in some cases more
resistive response to a repeating liquefaction. Also, Loose
and medium dense samples respond close to each other
with moderate changes which is always showing a drop in
resistance.
Consolidation stress was observed to be enormously
effective on samples behavior. The results demonstrate a
totally different behavior for loose and dense samples in
response to stress variation. While looser samples tend to
be less resistive under lower consolidation stresses,
denser samples get more resistant when they are
liquefying repeatedly under lower consolidation pressures.
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